Electron micrographs of negatively stained Semliki Forest virus were made before and after treatment of the virus with caseinase C from Strqtmyces altncs G. The virus appeared as roughly spherical (diameter 550-590 a); covered with projections and sometimes bearing an appendix, which seemed to be a fold of the envelope. Treated with caseinase C in tris buffered saline, the virus lost its projections and its haemagglutinating activity but remained infectious. The site of haemagglutination, then, is probably located on the projections. Treated with caseinase C in phosphate buffer, the virus lost its infectivity as well as its haemagglutinating activity; the number of the remaining viral particles was not significantly modified. These structures had no projections; their envelope was degraded and sometimes completely destroyed. In this case, they had a smaller diameter (885-890 a) than the projectionless particles obtained by treatment in tris buffered saline (410460a). As the virus particles with degraded envelope still contained as much infectious RNA as the controls, it was thought that some degree of integrity of the envelope was necessary for the particle infectivity. Thus the site for infectivity appeared to be different from that for haemagglutination.
INTRODUCTION
Caseinase C, an enzyme produced by Streptmnyces albus G , destroys the infectivity of lipoprotein-containing viruses such as Semliki Forest virus and influenza virus (Osterrieth & Dierickx, 1965;  Reginster, 1965 a) . Influenza virus possesses, around its nucleoprotein, an envelope covered with spikes (Horne & Wildy, 1963) . Sindbis virus, which is closely related to Semliki Forest virus, also possesses an envelope with projections (Mussgay & Rott, 1964) . In both cases, the envelope is responsible for haemagglutination. Trypsin treatment of some strains of influenza virus cuts off the spikes and destroys the haemagglutinating activity (Borecky, Lackovic & Mrena, 1964) . Caseinase C treatment at low ionic strength leads to similar results (Reginster, 19653) .
Semliki Forest virus treated with caseinase C loses its ability to agglutinate red blood cells (Osterrieth, 1965a, b) . We have now treated Semliki Forest virus with caseinase C under two sets of conditions and have tried to correlate the observed modifications of the biological properties of the virus with changes in the morphology of the virus particles.
water and stored a t -70". One stock solution which contained 1.12 mg. protein/ml., had an enzymic activity of 1000 caseinolytic units/ml.; the other one contained 500 caseinolytic unitslml. One caseinolytic unit is defined as the amount of enzymic preparation which digests 50 yo of the casein present in 0.5 ml. of standard solution (0.2 yo, w/v, soluble casein in 0.05 M-K,HPO,) within 15 min. when incubated at 37" (Reginster, 1966) .
Enzyme treatment. (i) Treatment in TBS. Stock virus in TBS was thawed and divided into two equal samples. Caseinase C was added (50 unitslml. when not otherwise stated) to the first one, and a corresponding volume of distilled water to the second one. After incubation at 37" for 1 hr, the two samples were titrated and samples taken for electron microscopy. TBS is a solution of high ionic strength and at pH 9.0.
(ii) Treatment in PB. Frozen or fresh stock virus was centrifuged at 125,000 g for 1 hr. The pellet was resuspended in PB ; the solution was divided into two equal portions. Caseinase C (20 to 125 units/ml.) was added to the first one and a corresponding volume of distilled water to the second one. After incubation a t 37" for 30-90 min., the suspensions were titrated and samples taken for electron microscopy. Sometimes, the suspensions were centrifuged after enzyme treatment. PB is a solution of low ionic strength and at pH 7.0.
Haemagglutination. cm.) seeded with 3 to 4x10' chick embryo cells suspended in 10 ml. growth medium were incubated for 24 hr at 36" to obtain a monolayer. The growth medium was then discarded and the monolayer washed once with GBSS. Thereafter, the cells were inoculated with 1 ml. of serial 10-fold dilutions of viral suspensions and adsorption was allowed for 90min. at room temperature. The excess of inoculum was sucked off and 7.5 ml. agar overlay poured on the cell sheet. The plates were incubated 48 hr at 36' and then stained with neutral red before counting the plaques.
Infectiiozcs-RNA liberation and assay. The virus suspensions were diluted 1/2 in a 4 % (w/v) solution of sodium deoxycholate in phosphate buffered saline (pH 7.2; 0.02 M-phosphate + 0.30 M-NaCl) and incubated 30 min. at 2". Controls were diluted in phosphate buffered saline without deoxycholate. Deoxycholate-treated virus and controls were also incubated in presence of ribonuclease (0-6 pg./ml.). The assay of these suspensions was done according to the method of Richter & Wecker (1963) . The deposit of the overlay, the following incubation and the staining were done as described in the preceding paragraph. Centrifugation experiments. One ml. of the caseinase C treated suspension and 1 ml. of the control were each mixed with 3-75 ml. of PB. To stop the destruction of infectivity, 150 pl. of 5 M-NaCl in distilled water and 125 pl. of a 4 % (w/v) solution of bovine plasma albumin in distilled water were added to the treated suspension, and similarly to the diluted control. The virus suspensions were then centrifuged in the SW39 rotor of a Spinco preparative centrifuge at 125,000 g for 1 hr. This centrifugation was sufficient to sediment more than 90 % of the virus particles in the controls. After centrifugation, the upper 4.8 ml. were set apart and called supernatant fluid. The lower 0.2 ml., called pellet, was diluted 5 times in phosphate buffered saline (pH 7.2; 0.01 ~-phosphate+0.15 M-NaCl). The total amount of haemagglutinating units, of virus plaque forming units (p.f.u.) and of deoxycholate liberable infectious RNA plaque-forming units (RNA-p.f.u.) present in the pellet and in the supernatant fluid were determined.
Electron microscopy. A sample of the virus suspension was mixed with an equal volume of potassium phosphotungstate solution (2 %, w/v, in distilled water adjusted to pH 7.0; Brenner & Horne, 1959) . One drop of the mixture was placed on a grid, already coated with Formvar (0.2 %, w/v) and carbon. After 5 min., the excess of the suspension was blotted away. These preparations were examined with the Siemens Elmiskop 1, direct magnification ~40,000. The dimensions of the particles were measured on the final prints ( x 120,000), the magnification of which was controlled by the latex particles (diam. 126 mp) present in some preparations. Each one of the given dimensions is the mean of at least 50 measurements, from 4 different sets of experiments. For counting the virus particles a mixture of virus and latex particles (Dow Chemical Co.) was sprayed from a commercial atomizer on the coated grids (Horne, 1961) . The suspension to be sprayed was prepared by adding, in equal volumes, the latex suspension (9-2 x 101O particles/ml.), the phosphotungstate (1 %, w/v), a solution of bovine plasma albumin (0.4 yo, w/v in 0-005 M-phosphate buffer, pH 7.0) and the virus suspension the concentration of which was always chosen to give 2 to 5 virus particles/latex sphere (Miller & Ziegler, 1964) .
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Two hundred latex spheres and the corresponding number of virus particles were counted from a t least 10 droplets of each preparation. The count was made directly on the screen of an Hitachi HS6 eleetron microscope (magnification x 10,000).
RESULTS
Characteristics of the stock virus Haemagglutinating activity, infectivity and particle count. Our stock virus preparations were characterized by haemagglutination titres ranging from to 108'8 haemagglutinating units (h.a.u.)/ml. and by infectious titres ranging from to plaque-forming units (p.f.u.)/ml. Two stock virus preparations were titrated five times. For one of these, log,,, haemagglutinating titre was 5.9 & 0-5 and log,, infectious titre 11-5 f 0.2. For the other one, log,, haemagglutinating titre was 5.6 & 0.3 and log,, infectious titre 10.5 & 0.2.
The particle count was done on four stock preparations. Table 1 shows that in our experiments one haemagglutinating unit represented 7-4 x 108 viral particles and that one plaque-forming unit contained on the average 22 virus particles. Particle morphology. The images given by the different stock virus suspensions were very homogenous and showed only concentrated virus material (PI. 1, fig. 1 ,2); about half of the particles, penetrated by the stain, appeared ' empty '. The shape of the full virus particle was roughly spherical; some particles showed a lateral protrusion which sometimes took a tail-like appearance. The mean overall diameter of the particles was 575 A (range 550-590). The surface of the particle and of its occasional protrusion was entirely covered with very thin (10-20 a) projections. These projections were regularly spaced on the surface of the particles (centre to centre distance about 50 A). They did not seem to design a simple fringe around the particles, but appeared to be connected one with the other a t approximately half of their length, giving to the virus the general appearance of a sphere covered with a net. These projections were quite different from the spikes of influenza virus (Pl. 1, fig. 3 ). The thickness of the ring made by the projections around the particles is of 70 A (range SO-SO), and the mean diameter of the particles measured when the projections were not taken into account was 440 A (range 410-460). The outer layer, supporting the projections, which was clearly visible on the empty-looking viral structures, was about 30 A thick. Although the external structure of the virus was clearly the result of the repetition of similar structures, we could not distinguish any characteristic symmetry. Virus suspended in TBS or in PB and incubated a t 37" did not show any modification of their morphology.
Semliki forest virus treated with caseinme C 23
Effech of caseinase C treatment of virus in tris-buffered saline Haernagglutinating activity, infectivity and particle count. When the virus stock was treated for 1 hr with caseinase C in TBS the infectivity of the virus suspension was only slightly decreased, but the haemagglutinating activity was almost completely destroyed. The particle count was not significantly modified ( Table 2) . Decreasing the concentration of caseinase C to 12 units/ml. or increasing it to 100 unitslml. did not change the yo haemagglutinating activity that was destroyed.
But, when the concentration of enzyme was 100 unitslml., the infectivity was then decreased to 80% of its original value. fig. 4 ). The remaining structures had an average diameter of 485 (range 410-450), almost equal to the diameter of the untreated particles measured without taking the projections into account. Empty particles were still present in the preparations. On the micrographs, the tail-like protrusions are clearly shown to consist of a fold of the outer layer (Pl. 1, fig. 4 , 5). This deformable layer will be, from now on, called envelope. As the envelope has the same thickness on the micrographs of control virus and of treated virus, it seems unlikely that the projections were merely flattened down by the treatment. They must have been removed or at least sufficiently modified as to become too thin to be seen in negatively-stained preparations. When the concentration of caseinase C was less than 25 units/ml. the projections were only partly removed, although the haemagglutinating activity was destroyed. When the concentration of enzyme was 100 unitslml. some of the virus particles showed incipient degradation of the envelope.
Under the experimental conditions chosen, it can be concluded that caseinase C (50 units/ml.) does not modify the infectivity of Semliki Forest virus suspensions and does not decrease the number of virus particles. However, it destroys the haemagglutinating activity and removes or modifies the projections which normally cover the virus particle.
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Caseinase C treatment of virus in phosphate h.2~
Haemagglutinating activity, infectivity and particle count. Experiments in PB confirmed that the haemagglutinating activity was much more sensitive to caseinase C than was the infectivity. Table 8 shows that although in all our experiments about 99-9 yo of the haemagglutinating activity was destroyed, the destruction of infectivity was irregular, The destruction of infectivity was more pronounced when the enzyme concentration and the incubation time were increased and when the initial infectious titre of the viral suspension was relatively low. The virus particles were counted in four experiments. The total number of virus particles was not much modified, although the infectious titre was decreased by the caseinase C treatment to less than about 10% of its original value. 
In one experiment we incubated at 37" for 60 min. samples of the virus suspension to which were added increasing amounts of enzyme (Fig. 1) . The haemagglutinating titre was decreased to less than 1% of its original value. This destruction was not increased by higher enzyme concentrations. The infectivity was decreased, and the degree of destruction was proportional to the enzyme concentration. The total number of particles was decreased to about 50% of the original value. The treated preparations did not show empty particles. Thus, the decrease in number of particles was very likely the result of the destruction of these empty particles. The treated particles showed some tendency to form aggregates containing various numbers of particles. The total decrease in number of infectious units, counting an aggregate as an infectious unit, is represented by the curve VPa of Fig. 1 . It is clear that if each aggregate of several particles behaved as an isolated virus infectious unit during the infectivity assay, the decrease in number of infectious units resulting from aggregation would not account for the loss of infectivity.
Particle morphology. The images obtained with treated preparations which showed no decrease of infectivity were similar to those obtained from the virus treated with caseinase C in TBS. When the infectivity of the virus was destroyed by this treatment, the resulting particles appeared to be without projections and their envelope showed various degrees of alteration (Pl. 2). Sometimes pieces of envelope were seen isolated or in the process of being stripped off (Pl. 2, fig. 8 fig. 7 ). 
0
Centrifugation ezperirnents
As the loss of infectivity could not be accounted for either by an aggregation of the particles or by a decrease of their total number, we looked for a release by the enzyme of infectious RNA or for a modification of the RNA infectivity. The caseinase C-treated and control viral suspensions of experiments 9, 10 and 11 (Table 3) were centrifuged a t 125,000 g for 1 hr. Table 4 gives the distribution between supernatant fluids and pellets of the values of h.a.u., p.f.u. and RNAp.f.u. (obtained after deoxycholate treatment). In control as well as in treated suspensions, the infectivity and the deoxycholate-liberated RNA infectivity sedimented likewise, 90% being in the pellet. In controls, 90% of the haemagglutinating activity was also collected in the pellet, but far less of the residual haemag-glutinating activity sedimented from the suspensions treated with caseinase C. Small haemagglutinating structures were released by this treatment but there was no indication of infectious RNA release. 
virus infectious titre to the deoxycholate-liberated R N A infectious titre of Semliki Forest virus suspensions treated with caseinase C in phosphate bufler
The suspensions were centrifuged at 125,000 g for 60 min.
No. of expt. in Table 3   I1 suspensions, supernatant fluids and pellets were treated with sodium deoxycholate to liberate the infectious RNA which was then titrated. Ribonuclease tests, not included into the Tables, proved that the infectivity measured was destroyed by this enzyme and that infectious RNA did not interfere with the virus plaque-forming-units assay. Almost all the virus infectivity was destroyed by the deoxycholate treatment (Richter & Wecker, 1963 ; Osterrieth, 1964) . When the caseinase C treatment destroyed a significant proportion of the infectivity, the p.f.u.:RNA-p.f.u. ratio was far greater in control than in treated suspensions ( Table 5 ) . The discrepancy between the p.f.u. : RNA-p.f.u. ratios of control and treated suspensions decreased together with the destruction of infectivity. When the infectivity had not been destroyed by the caseinase C treatment, the p.f.u. : RNA-p.f.u. ratio was similar in control and treated suspensions (expt. no. 9, Table 8 ). In view of these differences, we also compared the virus infectious titre of the controls with the infectious RNA titre of the treated suspensions ( Table 5 , last column). These ratios were not significantly different from the p.f.u. : RNA-p.f.u. ratios of the controls.
Since in each experiment the ratios p.f.u. : RNA-p.f.u. of the treated suspensions were similar in supernatant fluids and pellets, we have an indication that the infectious RNA is not liberated by caseinase C treatment. Additional evidence is given by the fact that the ratios p.f.u. of controls : RNA-p.f.u. of caseinase C treated are similar to the ratios p.f.u. control: RNA-p.f.u. control. This observation also shows that the infectivity of the infectious RNA was not modified by treatment with caseinase C.
Thus when Semliki Forest virus was treated with a sufficient amount of caseinase C in PB, the haemagglutinating activity and the infectivity were both destroyed, the surface projections disappeared, and the envelope was degraded and eventually destroyed. After such treatment there was no proportionality between the particle count, the particle aggregation and the virus infectious titre. The infectious RNA was neither released nor inactivated.
DISCUSSION
Negatively-stained Semliki Forest virus appears to be formed of a roughly spherical core surrounded by a loose envelope which bears very thin projections. We cannot tell whether the nucleic acid within the core is free or protein-bound RNA, because the infectious RNA was liberated by deoxycholate treatment. The cores might be similar to the intracellular immature virus particles described by Mussgay & Weibel (1962) and Morgan, Howe & Ross (1961). They might also be related to the ribonucleoprotein extracted from infected cells (Wecker & Richter, 1962; Wecker & Schonne, 1961) . Comparable core have been described for Venezuelan equine encephalitis virus (Klimenko et al. 1965 ). Since we did not observe any structural details of the surface of the envelope nor of the core, we cannot give the name of capsid to any of the observed structures.
The projections and the envelope are sensitive to the action of caseinase C. Since we could not find any evidence for a liberation of RNA, we think that the cores are not sensitive to caseinase C in our experimental conditions. Whether the projections are cut off, digested or only modified remains a matter for discussion, but they appear to harbour at least one site which is sensitive to caseinase C action. They are much more readily attacked by caseinase C than is the envelope which shows signs of enzymic disruption only when the enzymic treatment is done in phosphate buffer PB.
The haemagglutinating activity, similarly, is easily destroyed by caseinase C, but the destruction of infectivity requires the conditions which are necessary for envelope disruption. Haemagglutinating activity is also more readily destroyed by Pronase than is infectivity. This is unusual; generally chemical destruction of the haemagglutinating activity also destroys the infectivity, e.g. the action of sulphydryl reagents on enteroviruses (Philippson & Choppin, 1961) and of proteases on group B arboviruses (Cheng, 1958) .
The presence (or integrity) of the projections was not a pre-requisite for infec-P. M. OSTEECRIETH AND C. M. CALBERG-BACQ tivity. Since the projections and the haemagglutinating activity always disappeared together, although the latter more rapidly, it is reasonable to infer that the projections carry the site for haemagglutination. Tween +ether disruption of Sindbis virus, which disrupts the envelope without apparent modification of the projections, points out to the same localization of the haemagglutinating sites (Mussgay & Rott, 1964) . Mild caseinase C treatment done in phosphate buffer leads to the disappearance of the projections and of the haemagglutinating activity. Increasing caseinase C concentration or the time of the incubation brings a disruption of the envelope as well as destruction of the infectivity. Since neither a liberation of the RNA nor a decrease of its infectivity could be found, and as neither a decrease in number nor an aggregation of the virus particles could be held responsible for the loss of infectivity, we believe that the latter is the result of envelope disruption. Accordingly, the site for haemagglutination is different from the site for infectivity. Ether disruption of Murray Valley encephalitis virus also liberates from the virus a noninfectious structure which contains the RNA but which is not ribonuclease sensitive (Anderson & Ada, 1961) . Smith (1964) suggested that the envelope of herpes virus may be necessary for its infectivity but Watson, Wildy & Russell (1964) suggested the opposite.
We define the envelope as the deformable outer layer of Semliki Forest virus which bears the projections and which can be destroyed by caseinase C. The viral envelope is described as the lipoprotein-containing outer layer of lipid-containing viruses, and it is supposed to be formed by some budding process through the host-cell membrane during the release of virus (Franklin, 1962;  Knight, 1963; Mussgay, 1964) . Lipases destroy the infectivity of arboviruses (Takehara & Hotta, 1961) , and these are sensitive to ether (Andrewes & Horstman, 1949) and to deoxycholate (Theiler, 1957) . It seems that any treatment, either proteolytic or lipolytic, which degrades to a certain extent the envelope of arboviruses, even if it does not disrupt the particle, destroys the infectivity. The importance of the envelope for the infectivity of Semliki Forest virus, and probably for arboviruses in general, is in agreement with the hypothesis which Cohen (1963) offered to explain the first steps of the infection of cells by myxoviruses : ' On close apposition of the virus cell surface, there is a fusion of the opposing lipoprotein membranes with establishment of continuity. In this way, the virus membrane envelope becomes incorporated in the cell membrane and the internal constituent of the virus becomes extruded in the cytoplasm.' The process of penetration into the cell is perhaps similar for arboviruses and myxoviruses, since these viruses share some common features. Both types of viruses are enveloped and covered with projections which are probably the site for haemagglutination, both are ether sensitive, both contain RNA. In phosphate buffer, caseinase C treatment destroyed the infectivity and the haemagglutinating activity of Semliki Forest virus and of influenza virus (Reginster, 1965 a, b ; Osterrieth, 1965 a). Nevertheless, significant differences exist. The infectivity of influenza virus is more sensitive to caseinase C than is its haemagglutinating activity, whereas the reverse holds for Semliki Forest virus. The projections of these two viruses are morphologically different. The envelope of influenza virus is twice as thick (70-1OOA; Horne & Wildy, 1963) as that of Semliki Forest virus, and is not disrupted by a caseinase C treatment in phosphate buffer which degrades the envelope of Semliki Forest virus. If the two viruses certainly share some chemical components in their outer layer, these appear to be located in different structures.
PLATE 1
Figs. 1-3. Untreated Semliki Forest virus particles (Figs. 1, 2 ) compared with influenza virus, (Fig. 3) . Figs. 4, 5. Semliki Forest virus particles treated with caseinase C in tris-buffered saline. The projections are removed (Fig. 4) and the appendix is shown to be formed by a fold of the envelope (Fig. 5) .
PLATE 2
Figs. 6-8. Semliki Forest virus particles treated by caseinase C in phosphate buffer: the envelope is severely damaged (Figs. 6-8) .
